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MAP was launched to answer 
fundamental cosmological questions: 

l Will the universe expand forever, or will it 
collapse? 

l Is the universe dominated by exotic dark matter? 
l What is the shape of the universe? 
l How and when did the first galaxies form? 
l Is the expansion of the universe accelerating rather 

than decelerating? 



 

 

 

 

   

   

 

WMAP results: 


l The WMAP team has reported the first direct detection of pre-stellar 
helium, providing an important test of the big bang prediction. 

l WMAP now places 50% tighter limits on the standard model of 
cosmology than our previous 5-year WMAP results. 

l WMAP has detected a key signature of inflation. 
l WMAP strongly constrains dark energy and geometry of the universe. 
l WMAP places new constraints on the number of neutrino-like species 

in the early universe. 
l WMAP has detected, with very high significance, temperature shifts 

induced by hot gas in galaxy clusters. 
l WMAP has produced a visual demonstration of the polarization 

pattern around hot and cold spots. 





 

 

    

    
  

      
   

   

     
 

    
 

The MIDEX-Class Explorers 

Motivated by the expressed desires of the scientific
community 

• INCREASED RESEARCH 
OPPORTUNITIES 

• BROADENED OPPORTUNITY 
FOR PI MISSIONS 

• CLOSER TO GRAD STUDENT 
AND POST-DOC CYCLE TIMES 

• MORE FREQUENT 
LAUNCHES 

• REDUCED COST PER 
MISSION 

• SHORTER MISSION 
DEVELOPMENT TIME 

*Chart from J. Barrowman, January 1994 



 

 
   
      
       
         
       
     
        
        
       

MAP: One of the First MIDEX Missions
 

Midex Guiding Principles (2/95) 

l One boundaryless team 
l Emphasize trust, individual and team responsibility 
l Apply common sense to all processes and activities 
l Flat, streamline project organization; no watchers, just doers 
l Small focused subteams with full team validation 
l Consolidated & streamlined reporting 
l Maximize team efficiency, sharing and reuse of resources 
l Drive for lowest mission cost regardless of who pays 
l Systems engineering must be present everywhere 



 
Chuck Bennett 

WMAP Principal Investigator 



The Mission 

1.4 x 1.6 m Primary 
Microwave Anisotropy Probe Reflectors Upper Omni Antenna 

 Dual back-to-back 
•  Map the Cosmic Microwave Gregorian optics 

Background Radiation Focal Plane Assembly 

•  Follow on to COBE with 50 Secondary Feed horns 
times the resolution reflector 

•  Medium Size Explorer, MIDEX Passive thermal 
•  Operate at L2, Store and forward radiator 

data every day Thermally isolating 

•  3 Axis, Scan Sky at 1 revolution Top deck instrument cylinder 

every 2 minutes Star trackers (2) 

•  835 Kg, 3.6 meters tall, 5.1 Gyros (2) 
CSS (12) 

across 
Thrusters (8) •  400 Watt load, 72 Kg Fuel 

 Medium gain  
Antennas (2) 

Reaction 
wheels (3) 

DSS 
Deployed solar array Warm S/C and with web shielding 

 
instrument electronics 

 A partnership between Princeton University 
nd Goddard Space Flight Center 

To Sun 

•
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STATE-OF-THE-ART HEMT AMPLIFIERS 
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MAP Sky Scan 
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C. Bennett 
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Instrument  Education &  
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Business Management Team Flight Assurance Team Mission Systems Engineering &  I&T Mgr 
  Integration Team  

  

Structural/ Optics, Instrument  Power System Propulsion  Attitude Control  Flight Software Command, Ground System  Science Data  
Thermal Product Microwave, Electronics Product Team System System Product Product Team Control, & & Operations Systems 

Team RXB, FPA Product Team  Product Team Team  Communications Product Team Product Team 
 Team      Product Team   

    

The MAP Organization 



MAP:  The Good 
l  Small co-located team 

–  Great communications 
–  Real team focus – team understood the mission, the end goal 

l  Clean and clear organization 
–  Roles and responsibilities well-understood by all team members 

l  Good systems engineering 
–  Thoughtful consideration of what’s important 
–  Thorough reliability program, appropriate for single string mission 
–  Selected redundancy added after CDR based on reliability analsyes 

l  Willingness and ability to challenge established ways of doing 
business 
–  Same ground system & staff for development and I&T 
–  All flight software consolidated in one organization 

l  Peer level reviews 
–  Thorough peer-reviewed design 

l  Significant test time at all levels 



Forces That Threaten Links 
Murphy’s Law: 

Mission 
  Anything that can 
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Where is the weakest link? 
What will cause a link to break? 

Will the “System” hold with a broken link?  

Finding the Weak Links 
MAP Reliability Program 



Reliability Analysis 

   A2.1. A/D not Ready 
   A2.2. ACE in Safehold 
   A2.3. Invalid Data Packet 
   A2.4. LVPC Config, On/Off 
   A2.5. RWA Powered Off

ACS-A1 ACS Sensor / Actuator 
             Failure  
   A1.1. Inertial Reference Unit 
   A1.2. Reaction Wheels 
   A1.3. DSS 
   A1.4. Solar Array Deploy Pots 
   A1.5. AST 1 
   A1.6. AST 2 
   A1.7. CSS 

CDH-A2 Backup Deployment 
  A1.1 Wheels, Gyro, Transmitter On 
  A1.2 S/A Deployment

Loss of Power
Over / Under Temperature

Instruments / Spacecraft: 
Violation of Sun Constraint for 
TDB minutes, TBD components

Battery Undercharge 
 Low Voltage

Loss of Battery due to 
Severe Overcharge

PSE Control Circuit Failure Loss of Attitude ControlSolar Array Deployment 
Failure

ACS-A4 System Level ACS FDC  
   A4.1. System Momentum Check  
              (Delta V, Delta H, RWA) 
   A4.2. Sun on Array Check 
   A4.3. Sun Constraint Check 
   A4.4. Kalman Filter 
   A4.5. S/C Rates (Gyro, DSS, AST) 
   A4.6. S/C Positn (Gyro, DSS, CSS) 
   A4.7. Ephemeris 

ACS-A3 ACS Controller Problem  
   A3.1. Sun Acquisition 
   A3.2. Inertial (includes S lew) 
   A3.3. Observing 
   A3.4. Delta V  (Control & Time 
   A3.5. Delta H Unload (Control & Time)

ACS-A2 ACE or Safehold Failure  

PWR-A1 Battery Outside Limits  
   A1.1 Low Battery Capacity & Pres 
   A1.2 Low Battery Voltage 
   A1.3 High Differential Voltage 
   A1.4 High Battery Temperature

PWR-A2 Charging System Faults  
   A2.1. Undercharge - Amp Hr Control  
   A2.2. Overcharge - PSE Control Loop / Shunt  
   A2.3. ESN Watchdog 
   A2.4. System Configuration 
   A2.5. PSE RT Failure

ACS-A6 S/A Deployment Failure  
   A6.1.Pots do not indicate Deployed

Therm-A1 Temperature Limit  
   A1.1. Battery 
   A1.2. Propulsion Components 
   A1.3. Heater On/Off 
   A1.4. Instrument Overtemp

-A1 Computer Failure 
 1773 Bus Data Not Received 
  Memory Checksum Error 
  Lost Contact with RSN

Spacecraft in  
Improper Orbit

Thruster Stuck On/Off

Prop-A1 Configuration Problem  
   A1.1. Heater out of Configuration 
   A1.2. Pressure out of Limits 
   A1.3. Latch Valve Closed 
   A1.4. EVD out of Configuration 
   A1.5. Thruster Current 
   A1.6. Catbed Temperatures

Loss of Temperature Control

Loss of Power to Mission 
Critical Components

PWR-A4 Power DIstribution  
   A4.1. ACE Powered Off 
   A4.2. Wheels Powered Off 
   A4.3. Mongoose Powered Off 
   A4.4. EVD Off During Maneuver 
   A4.5. Transmitter Powered Off 
   A4.6. Survival Heater Powered Off

Maneuver Execution Error

Missed, Aborted, Overburn 
Maneuver

Ground Based Maneuver 
Planning or Modeling Error

Loss of Data / 
Communications

Solar Array Failure

Solar Array Cells & Strings 
(Full Active Redundant)

Mechanical Hangup

 Contingency  
DNLK 
UPLK 
 Reset 
 Failure 

N Reset

PSE DC/DC Failure

PSE Circuit Failure 
(Graceful Degradation)

Deployment Electronics 
(Full Passive Redundant)

Deploy Contingency  
  DEPLY-SEP 
  DEPLY-ACE 
  DEPLY-SAD

Attitude Control Electronics 
(Full Passive Redundant)

Thermal Control 
(Graceful Degradation)

Propulsion Control  
(Full Passive Redundant)

ACS Contingency  
  ACS-TIPOFF 
  ACS-ACE 
  ACS-MANEUVER 
  ACS-EPH 
  ACS-KF 
  ACS-AST 
  ACS-RWA 
  ACS-CSS 
  ACS-IRU  

Power Contingency  
  PSE-BAT-1 
  PSE-OM-1 
  PSE-LVPC-1 
  PSE-SA-1 
  PSE-RSN-1

ACS Contingency  
  PROP-TMP-1 
  PROP-TMP-2 
  PROP-TMP-3

ACS Contingency  
  PROP-THR-1 
  PROP-PRES-1 
  PROP-ISO-1

Maneuver Contingency  
  Maneuver Planning Overall Flow  
  Maneuver during station contacts 
  Thruster Failure (planning) 
  Missing all prigee burns 
  Split perigee maneuvers 
  LV injection orbit error  >3s 
 
Prop-A1 Contingency Procedures  
   A1.1. Heater out of Configuration 
   A1.2. Pressure out of Limits 
   A1.3. Latch Valve Closed 
   A1.4. EVD out of Configuration 
   A1.5. Thruster Current 
   A1.6. Catbed Temperatures

Component Failure 
Full Passive Redundant

Power Distribution Fault

Tracking or  Navigation 
Modeling Error

Insufficient Fuel

Improper 
Attitude 
Control

S/A RF Shield 
Deploy Failure

Battery Discharge During 
Ascent

Battery FailureBus Failure

FMEA 
2.1 MAC LVPC 
2.2 MAC MV 
2.3 HRSN 
2.4 MAC XRSN 
2.5 LMAC Switching Card 
2.6 RF Components

FMEA 
1.5 PSE LVPC

FMEA 
1.1 SAM 
1.2 Battery Module 
1.3 Output Module 
1.4 RSN

FMEA 
1.2 Battery Module 
1.3 Output Module

FMEA 
1.7 Battery

FMEA 
1.6 Solar Array

FMEA 
1.3 Output Module

FMEA 
3.1 LMAC ACE 
3.2 MAC EVD 
3.4 LMAC I/O 
3.5 LMAC LVPC 
3.7 MAC RSN 
3.8 MAC I/O 
3.9 MAC LVPC

FMEA 
4.6 Instrument

FMEA 
3.2 LMAC EVD 
3.3 Prop Control 
3.6 MAC EVD 

Loss of Instrument

Loss of Power: 
Power Feed or Converters

Loss of Data: 
Detector to C&DH Data Flow

Amps to AEU Cards: 
(Graceful Degradation)

AEU - DEU - 1773: 
(Single String)

Power Converters: 
(Single String)

Instrument Contingency  
 Instrument Bias 
 Instrument Science

Sensitivity >20µK: 

Improper 
Attitude 
Control

Common Cause Multiple 
Amplifier Failure

e. Large Surface ESD 
Multiple Internal ESD 

e. RF Beam Illuminated by > 0.4 V/M

Integration Time

FMEA  
4.1 DEU 
4.2 AEU 
4.3 PDU

FMEA  
4.3 PDU

FMEA  
4.4 RXB 
5.5 FPAion

Full Sky Coverage

sions

< 24 Month Data Set

FTA 
4.1 View RF Source 
4.2 Large ESD 
4.3 Internal ESD

RA & Redundancy 
Reliability Improvement Location Performance

Future 
Descope 

(Mass, Pwr)

System 
Reliability 

Improvement Mass Power Cost Schedule Comments

1
Flight Software to allow 2 out of 3 
Wheels Mongoose ACS Software

Minimum Science, 
Reduced Control & 

Acquisition N/A 70% 0 0 Med Low

S/W change can 
be delayed until 

failure

2
2 More Thrusters, Flight Software to 
allow Thruster Backup Same bracket as Radials

Minimum Science, 
Additional Fuel 

Usage No 30% 1.2 4 Watts Heater Low Low

3 2nd Transponder & XRSN
XRSN in MAC, Xpndr beside 
existing on bottom deck 100% Yes 11% 6.5 6 Watts, 0 Heater Med Low

4 2nd Star Tracker Under Top Deck near PSE 100% Yes 13% 7 8-12 Watts Med Low

5

"Little MAC" - 2nd Mongoose, 
LVPC & Minimal ACE RSN, 2nd set 
of 6 CSS Eyes Beside MAC on same panel

Minimal Function, 
Minimum Science Yes 14% 6.5 0 Watts Med Low

6
Flight S/W to allow Star Tracker to 
backup Gyros Mongoose ACS Software

No Backup for 
Acquisition, 100% 

Mission N/A 9% 0 0 Low Low
Subtotal 249%* 21.2 22 Watts

Reliability improvement of selected options 249%*

7
2nd AEU & PDU 20/20 
Configuration, DEU Single String

Bottom Deck, PDU Under Top 
Deck w/4th Wheel

Loss of 1/2 of 
Instrument No 7% 10.3 8.5 Watts Med High

3 mos for 
windings, No 
Actels

8 4th Wheel
Bottom Deck equally spaced,  
or on Bottom Deck TBD 100% Yes

13% 4th wheel w/ 
S/W; 83% 4th wheel 
inc S/W (2 of4); 57% 

w/o S/W(3 of 4) 17 10-15 Watts Heater Med Med
Large Mechanical 
System Impact

9

PSE Linear Regulators and 
Assurance Output Modules Remain 
On 2nd side of existing boards 100% No 2% 0.2 0 watts Med Med Long Lead Parts

10 DEU with 20/20 split
Loss of 1/2 of 

Instrument No 11% High High
Parts Availability, 
Actels

Subtotal 108% or 78% * 27.5 23
Reliability improvement potential of all options 326% *

*  The percentage improvement is not a summation of the individual option improvement percentages.

Corrupted Signals

Systematic Errors >4µK: 
Spin Sync Noise

Electrical Thermal

b. Amplifier Power Supply Variations 
c. Sun or Earth Microwave Emissons

Optics, µWave Component, Amp, Det 
AEU, PDU 

c. Sky Input (Sun or Earth) 
d. S/C Load Cycling, Heater,RWA 

Sun/RF 
Shield 

Deploy Prob

c.

e.

PSE Control 
Failure

a.

Microwave Emiss

Corrupted Beam

Focus

Cool Down Deformation 
Launch Shift 

Zero G Release

Pixel Location

Pointing Knowledge 
Timing and Time Tag 

AST to Science

Spin / Scan Pattern

RF Shield 
µWave EMI Emis

FTA 
1.1 Deploy

FTA 
1.2 Battery Discharge

FTA 
5.2 Navigation Error

FTA 
5.1 Planning Error

Battery Short or Open

Tracking State Unavailable 
     Insufficient Ranging Data 
     Ground System Inoperable 
Large Errors in Tracking Data 
     Noise from S/C or Ground System 
Modeling Errors 
     Effects of Thrusters (ACS, Momentum Unload) 
     Effects of Small Forces 
Wrong or Outdated S/C, Orbit or Maneuver File 
 

Difference between Model and S/C Configuration 
Difference in Orbital Location of Delta V 
Wrong or Outdated S/C, Orbit or Maneuver File 
Orbit Propagation Error 
Error in  S/C Thruster,  
Error in  Fuel Usage Model 
Error in  Mass Properties Model 
Error in  ACS Model

FMEA 

Loss of Mission

CDH
  A1.1
  A1.2
  A1.3

8/26/00

CDH
  RF-
  RF-
  MV
  MV
  HRS

P

GN Transponder RF RSN Med Gain
Antenna

Omni
AntennaGN Transponder RF RSN

Mongoose
Processor

Battery Cell #1

Battery Cell #22

S/A Seg. #1

S/A Seg. #10

SSPC  & Control

C&DH
LVPC

ACE
Sensor Bd ACE LVPC ACE/RSN S/A Shunt #1

SSPC & Control

PSE LVPC

PSE RSN (Dig
Cont rol)

Analog OV
Control

DSS

EVD Cont rol

Bat tery Module
(Essenti al

Functions only)

S/A Shunt #8

      Gyro Roll

     Gyro Yaw

       Gyro Pitch

      Gyro Yaw

ST #1

CSS #1-6

RW #1

RW #2

RW #3

Thruster#1

Thruster #8

20/22

* With cell bypass diodes battery can
tolerate upto 2 battery cel l fai lures

7/10 10/111/2 1/2

6/8

1/2 1/2

1/2

3/3

1/2

Thruster #7

Thruster #6

6/8
HK RSN

Deploy Cont rol

H/W
Deploy Cont rol

Pri S/A NED

Red S/A NED

1/2 1/2

DC=0.01 DC=0.01

Gyro
(same as

before)

DC= 0.1

ST #2

1/3

DC= 0.1

4.835 1.21 .0025

.0018

.1018 0.511 .080 1.28

.175

0.89

.1315

.123

.94421.280.89.5525.893.25

1.28

2.825

15.21

2.2678
.7803

.0899

.0013

.9877 (.88912) 1.000 .99987 .98948 .99986  .999917 (.97542)

.982847

.99999
.997612

 .986790 (.859192)

.998249 (.903768)

.978156

.98180 (.86512) .905896 (.647485) .996185 (.767577) 1.0000 0.99999

ACE LVPC ACE/RSN EVD
Cont rol

ACE
Sensor Bd

Mongoose
Processor

LMAC

2/3

ST #2**Flt S/W mod to use ST derived
   rate instead of gyro data

ST #1
7.453 1/2

CSS #1-6

DC= 0.9

DEU DEU Converter

FPA/RXB L/R
Ch 1

FPA/RXB L/R
Ch 40

P/S Bd Ch 1Inst Ch 1

P/S Bd
Ch 40

AEU SCI . Ch 1

AEU SCI.  Ch 40Inst Ch 40

AEU ConverterPDU HEMT
Converter

PDU PS & LD
Converter

.8791.5451.01911.21361.1628

.3295.0772.07541.0149

Inst SSPC &
Control

.999181

18/40

.976684 .980384 .983060
.080

.998442.970410.977649

** 27 Month Mission Life updated 3-29-00

Reliability Block Diagram 
Study 

Mission Fault Tree 



MAP:  The Not-so-Good 

l  Small team 
–  Very thin in some critical areas (CM, Scheduling) 

l  Some systems engineering misses 
–  Spacecraft charging mitigation requirements 

l  Unexpected challenges encountered in unfamiliar engineering territory 
–  Trajectory analysis/maneuver planning/rehearsals for lunar swingby  
–  Quiet power bus requirements – no heater cycling 

l  System-level reviews 
–  A mixed bag 




